Propofol in exhaled breath can be measured and may provide a real-time estimate of plasma concentration. However, propofol is absorbed in plastic tubing, thus estimates may fail to reflect lung/ blood concentration if expired gas is not extracted directly from the endotracheal tube. We evaluated exhaled propofol in five ventilated ICU patients who were sedated with propofol. Exhaled propofol was measured once per minute using ion mobility spectrometry. Exhaled air was sampled directly from the endotracheal tube and at the ventilator end of the expiratory side of the anesthetic circuit. The circuit was disconnected from the patient and propofol was washed out with a separate clean ventilator. Propofol molecules, which discharged from the expiratory portion of the breathing circuit, were measured for up to 60 h. We also determined whether propofol passes through the plastic of breathing circuits. A total of 984 data pairs (presented as median values, with 95% confidence interval), consisting of both concentrations were collected. The concentration of propofol sampled near the patient was always substantially higher, at 10. 36-4.40] in the third hour. Out-gassing propofol from the breathing circuit remained at 2.8 ppb after 60 h of washing out. Diffusion through the plastic was not observed. Volatile propofol binds or adsorbs to the plastic of a breathing circuit with saturation kinetics. The bond is reversible so propofol can be washed out from the plastic. Our data confirm earlier findings that accurate measurements of volatile propofol require exhaled air to be sampled as close as possible to the patient.
Introduction
A limitation of intravenous anesthesia is that while plasma drug concentration can be estimated from pharmacokinetic models [1] , it is not currently possible to measure intravenous anesthetic concentration in real-time. The inability to quantify plasma concentration has limited adaptation of total intravenous anesthesia, despite its many advantages.
Exhaled propofol can be measured and may provide a real-time estimate of plasma concentration [2] [3] [4] 15] . Propofol concentrations in expired gas are in the range of parts-per-billion (ppb) and can be quantified [5] . Expired propofol concentrations will only be clinically useful, though, to the extent that they reliably reflect plasma concentrations of the drug. Therefore, accurate pharmacokinetic models are needed [6, 7] but the relationship between plasma concentrations of propofol and expired concentrations remains unclear to date and is the subject of ongoing investigation.
Several studies have been published with different measuring techniques [3, 5] . A suitable method to detect and quantify volatile propofol in exhaled breath at patients' bedsides can be realized by ion mobility spectrometry combined with a multi-capillary-column (MCC/IMS). Regardless of the technique used, the sampling of the exhaled air is important, because another potential source of error is based on the fact that propofol may be absorbed by plastic, e.g. in anesthesia circuit tubing. Depending upon the extent to which propofol is absorbed by plastic tubing, estimates may fail to reflect lung/blood concentration if expired gas is not extracted directly from the endotracheal tube. Therefore, we evaluated propofol absorption into or on plastic anesthesia circuit tubing.
Material and methods
Five ICU patients were included after approval of the local ethics committee (Ärztekammer des Saarlandes, Germany) and with written informed consent. All patients were sedated with propofol (Fresenius Kabi, Germany) and ventilated. Each was connected to a non-rebreathing ventilator (EVITA; Dräger, Germany).
Volatile propofol concentrations were measured with IMS. A pre-separation was performed with a MCC (MCC/IMS; Bioscout, B&S Analytik, Germany) [4, 8] . The MCC/IMS used is a prototype that was optimized for propofol analysis [8] [9] [10] . Each VOC, hence also volatile propofol, can be characterized in a three-dimensional IMS spectrogram by the retention time (RT, passage time of MCC), the 1/K 0 -value (reduced inverse ion mobility, passage time in the drift region of the IMS) and the amount of a substance, given as peak intensity in volts. The latter necessitates calibration to obtain concentrations in ppb. The calibration was performed twice using a calibration gas generator type HovaCal (IAS GmbH, Oberursel, Germany) [11, 12] .
The analysis for each patient began with a substitution of the original circuit with a new 150 cm long PVC-and latex-free single-use breathing circuit (VentStar, Dräger Medical, Germany). The circuit was connected via filters (Humid Vent Filter Compact S, Teleflex Medical, Ireland), which were positioned directly onto the connectors of the ventilator. Exhaled gas was sampled directly from the endotracheal tube and at the machine end of the expiratory side of the ventilation circuit, with measurements being made at alternate minutes from each site for 20 s of sampling. The standard settings in mandatory ventilation used for these ICU patients have breathing cycle durations of less than 6 s. The sampling period therefore includes more cycles and, using a no-flow triggered sampling system, did not allow measurement only of the pure end-tidal fraction of exhaled gas.
When patient measurements were finished, the test breathing circuit was removed, sealed, and connected to a separate respirator and a 2 l 'test lung' (Dräger), neither of which had been previously exposed to propofol. The ventilation parameters were set to match those of the patient who had been evaluated. Gas was sampled from the end of the expiratory portion of the circuit at 1 min intervals for 16 h to determine the amount of propofol released from the plastic. One long term measurement contains 60 h in total.
Finally, we determined whether propofol passes through the plastic of the ventilation circuit. Liquid propofol (400 pg) was inserted into glass test tubes that were covered with fresh plastic from a ventilation circuit. The diffusion surface area was 17 cm 2 . These tubes were then positioned within larger glass containers that were sealed. The propofol concentration in gas from the outer glass container was determined after 4, 12, 24, and 48 h of diffusion. The whole experiment was conducted at room temperature conditions (22°C).
All measured peak intensities were converted into ppb. Loss of propofol into the circuit plastic between the endotracheal tube and the expiratory end of the breathing circuit is given in percent.
2.1. Validation 2.1.1. Linearity Propofol gas at concentrations of 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 ppb was produced with the calibration gas generator and ten measurements per concentration were used to estimate the linearity. The calibration shows a good linearity between 0 and 21.9 ppb (yielding a R 2 = 0.993). Above 22 ppb the curve levels off slightly but still a linear fit of the whole calibration range from 0 to 60 ppb is possible with R 2 = 0.86.
Limit of detection (LOD) and limit of quantification (LOQ)
The LOD and LOQ were determined with a signal-tonoise ratio of 3:1 and 10:1. LOD and LOQ were 0.4 and 1.5 ppb.
Precision and recovery
The precision and recovery of the method were analyzed with ten samples per concentration (10, 20, 30 ppb). The intra-day precision measurements had a relative standard deviation of 1.1%-3.4% and a recovery of 97.8%-103.7%.
Carry-over
A total of 30 blank measurements were carried out after changing the concentration (10, 20, 30 ppb) to 0 ppb. The time until the propofol signal was less than the LOD was determined. The carry-over was 2, 5 and 8 min for 10, 20 and 30 ppb, respectively.
Statistical analysis
Our primary statistical approaches were Mann-Whitney rank sums or repeated-measure analysis of variance (ANOVA) on ranks. Data are expressed as medians and 95% confidence intervals.
Results
We evaluated four male patients and one female patient (aged between 54 and 76 years), each over the course of 432 ± 50 (mean ± SD) minutes. Before being included, patients had been given propofol for between 7 and 70 h. Propofol administration was stable during sampling in two patients at 1.5 and 1.2 mg kg −1 h −1 . In two others, the infusion rate was increased during the sampling period from 2.1 to 3.2 and from 2.7 to 3.7 mg kg
. The respiratory minute volume as amount of gas flow through the circuit in the mean was 8.19 ± 2 l min A total of 984 sets of exhaled propofol concentrations from the endotracheal tube and expiratory end of the circuit were included in our analysis. The concentration of propofol sampled from the endotracheal tube averaged 10. figure 3 . . After about 140 min of monitoring, a 60 mg propofol bolus was given, and the expired concentration measured from the endotracheal tube increased from 6.73 to 10.57 ppb, an increase of 3.87 ppb; in contrast, the propofol concentration at the end of the breathing circuit increased from 4.25 to 4.78 ppb, an increase of only 530 ppt. The concentration of propofol released from isolated breathing circuits decreased during the first 30 min, then we observed a stable concentration of 3.5 ± 0.25 ppb during two hours and a second decrease up to the end of the measurements. The washed-out propofol was measured up to 60 h. The residual concentration was 2.8 ppb ( figure 4) .
In the separate propofol passes through the plastic of the tubing test, no diffusion of volatile propofol through the platic was detected, even after 48 h. The propofol peak intensity amounts 0 volts (V) in the first four respectively 12 h, 1 mV after 24 h and 2 mV after 48 h. In contrast, the lowest limit at which a clear propofol signal could be detected above the natural signal noise was 30 mV.
Discussion
Volatile propofol (C 12 H 18 O) binds reversibly to the plastic of breathing circuit tubing with saturation kinetics. In a recent study we investigated different plastic sample tubing regarding their sorption and desorption behavior with propofol [15] . The lowest sorption and shortest carry-over duration were obtained for polytetrafluorethylene and perfluoralkoxy. Silicone, polyurethane and Tygon 3350 were unsuitable for gaseous propofol sampling [15] . The (commonly used) breathing circuit we evaluated consists of a mixture of various plastics including polyethylene (CH 2 =CH 2 ), polypropylene (C 3 H 6 ) n , styrene-butadiene [CH 2 CH(C 6 H 5 )] x (CH 2 CH=CHCH 2 ) y , and thermoplastic elastomers (VentStar datasheet and personal communication from Dräger, Germany). The interaction between liquid propofol and various plastics has also been evaluated. Sautou-Miranda and colleagues have shown that propofol does not interact with glass or polypropylene [13] . In contrast, propofol is absorbed by polystyrene (C 8 H 8 ) n [14] . Propofol is also absorbed by polyvinylchloride C 2 H 3 Cl [16, 17] , although polyvinylchloride is not used in breathing circuits. The preparation of propofol is effected by a Friedel-Crafts alkylation of phenol with propylene [18] :
Phenol and its chemical derivatives are key components for building different plastics including polycarbonate. This may be an explanation for the affinity of propofol on plastic.
We evaluated only a single ventilation circuit. However, the one we tested included various types of plastic and nearly all ventilation circuits contain at least one of these. Nonetheless, the kinetics of propofol absorption surely differs among circuit brands. However, our goal was not to quantify absorption kinetics; rather we sought to demonstrate the importance of sampling expired gas at the endotracheal tube rather than after exposure to the plastics contained in ventilator tubing. The results were clear: there was substantial absorption of volatile propofol into the plastic, even during the brief exposure of an expiratory cycle. Accurate measurement of expired propofol concentrations thus requires gas sampling from the endotracheal tube rather than after exposure of exhaled gas to ventilator tubing, as confirmed by the findings of Harrison and co-authors [2] . Concordant to this fact, figure 1 shows a propofol bolus given for medical reasons. The bolus leads to an increase of propofol concentration at the endotracheal tube site, but the dimension of increase could not be mapped at the end of the breathing circuit. The coefficient of determination of the exponential decay model applied after the bolus represents this difference.
Plasma propofol concentrations differed in our patients; furthermore, dosing varied during our sampling period. However, our study evaluated differences in gaseous propofol concentration within the breathing circuit. Changes in plasma concentration thus had little if any influence on our results. Similarly, the duration of propofol exposure varied. But exposure duration had no influence on our study since a new breathing circuit was substituted at the beginning of each observation period.
Conclusion
This study demonstrates that the plastic of ventilator circuits reversibly absorbs substantial amounts of volatile propofol during anesthesia. This chemical bond is particularly reversible and could be discharged by flushing with fresh air for 60 h after disconnection from a propofol source. In this context a diffusion of propofol molecules through the plastic material under ambient air conditions seems to be improbable. In clinical settings propofol measurement next to the ventilator would be desirable, but accurate measurement of exhaled propofol thus requires sampling from the endotracheal tube, rather than after exposure to the ventilatory circuit.
